To assess past climate variability in west-central Scandinavia, a new 972-year-long temperature reconstruction, based on adjusted delta blue intensity (ΔBI adj ), was created. Presently, it is the longest blue intensity chronology in Fennoscandia and the third longest in the northern hemisphere. Measurements were obtained from 119 tree line Scots pine (Pinus sylvestris L.) samples from Rogen, in the central Scandinavian Mountains, Sweden. Early and latewood blue intensity absorption data were used to create ΔBI adj . The data were detrended using a signal-free regional curve standardization method (RSFi) to minimize biological noise and maximize low-frequency climate information. The Rogen ΔBI adj chronology has a substantially stronger temperature signal at inter-annual timescales than the corresponding tree-ring width (RW) chronology, and it displays good spatial representation for the south-central parts of Scandinavia. The ΔBI adj summer (June through August) temperature reconstruction, extending back to 1038 CE, exhibits three warm periods in 1040-1190 CE, 1370-1570 CE and the 20th century and one extended cold period between 1570 and 1920 CE. Regional summer temperature anomalies are associated with a Scandinavian-Greenland dipole sea-level pressure pattern, which has been stable for the past several centuries. Major volcanic eruptions produce distinct anomalies of ΔBI adj indices indicating cooling of summer temperatures in the subsequent years. Our results show that ΔBI adj from Pinus sylvestris in Scandinavia is a suitable proxy providing opportunities to explore past temperature variability at various frequencies, atmospheric dynamics and variability in external forcing. Nevertheless, long-term trend differences with RW imply that further research is needed to fully understand the application of this technique in dendroclimatology.
Introduction
To set the 20th-century warming in a long-term perspective, meteorological measurements are insufficient. Even though a few long observational temperature records spanning several centuries exist in Fennoscandia, for example, the Uppsala record reaching back to 1722 (Bergström and Moberg, 2002) , such data are rare. Therefore, to access information about temperature variability beyond the late 19th century, climate proxies from various archives are needed. Tree-ring data are one of the most favoured natural archives for high-resolution multi-century to millennium-long temperature information. Indeed, most recent reconstructions of Northern Hemisphere temperatures have been based on tree-ring data, either exclusively (Anchukaitis et al., 2017; D'Arrigo et al., 2006; Esper et al., 2002; Frank et al., 2007a; Jacoby and D'Arrigo, 1989; Schneider et al., 2015; Wilson et al., 2007 Wilson et al., , 2016 or in combination with other proxies (e.g. Mann et al., 1999; Moberg et al., 2005) . However, temperature-sensitive tree-ring data are not randomly distributed around the world, but in general confined to regions where trees are sensitive to temperature variability during the growing season, that is, close to or at the latitudinal or altitudinal tree lines (St George, 2014) . Fennoscandia is in this sense an ideal environment to develop chronologies from various tree-ring proxies (Linderholm et al., 2010) . It has one of the densest tree-ring networks in the world, where trees in the northern and west-central parts are highly sensitive to temperature (e.g., Hellmann et al., 2016; Linderholm et al., 2015) , including several chronologies spanning 1000 years or longer (e.g. Wilson et al., 2016) . Most temperature reconstructions have been developed in three key areas:
(1) Torneträsk and (2) Finish Lapland in the north and (3) Jämtland in the west-central part of the region. The first reconstructions were based on tree-ring width (RW) data (e.g. Aniol and Eckstein, 1984) . In recent decades, focus has shifted to maximum latewood density (MXD; Briffa et al., 1988 Briffa et al., , 1992 Grudd, 2008 (revised in Melvin et al., 2013 ; Björklund et al., 2015; Esper et al., 2012 Esper et al., , 2014 Gunnarson et al., 2011; Matskovsky and Helama, 2014; Zhang et al., 2016) because of the superior and more spatially coherent temperature information obtainable from MXD compared with RW (Briffa et al., 2002) . However, since producing MXD data is demanding, alternatives have been explored. McCarroll et al. (2002) discovered that blue light reflectance from scanned images of wood samples was a promising surrogate to X-ray measurements of wood density. This methodology, termed blue intensity (BI), has been further developed over the past few years Campbell et al., 2007; Rydval et al., 2014; Wilson et al., 2014) . Working with Scots pine (Pinus sylvestris L.), Björklund et al. (2014) developed the ΔBI parameter, where the blue light absorption from the earlywood was removed from the maximum blue light absorption from the latewood to provide a stronger temperature signal focused on the summer season. Moreover, Björklund et al. (2015) found a systematic contrast difference between earlywood and latewood depending on the general discoloration of individual samples and suggested the use of a contrast-adjusted version of ΔBI termed 'ΔBI adj '. This method helps preserve low-frequency information that would otherwise be biased because of nondensity-related changes in coloration in the samples. Presently, only a few reconstructions worldwide have included BI data: in Canada (Wilson et al., 2014) , Scotland (Rydval et al., 2016) and Fennoscandia (Linderholm et al., 2015; McCarroll et al., 2013) . However, only two reconstructions exclusively based on BI have been reported Dolgova, 2016) . None of these cover the whole past millennia, except two BI chronologies, one from Khibiny in northwest Russia, extending over the past 1200 years, which was used in a Fennoscandian temperature reconstruction by McCarroll et al. (2013) and another dataset from central Europe with similar length which was used by Trachsel et al. (2012) .
Most recent temperature reconstructions in Fennoscandia have been based on either MXD or a mix of MXD and BI data, predominantly sampled in the northern part of the region (>63°N). However, in order to gain a better understanding of past temperature variability for the entire region, Linderholm et al. (2015) showed that more data from the southern parts are needed. Despite the wealth of high-quality tree-ring temperature proxy records in Fennoscandia (e.g. Wilson et al., 2016) , such data are still lacking for southern Scandinavia. Moreover, data from further south would provide means for extending and assessing the long temperature records from Stockholm and Uppsala, as well as providing a link to the European continent.
The aim of this study is to increase the knowledge of local temperature variability in west-central Fennoscandia as well as increasing the spatial data coverage further south. We introduce a ΔBI adj chronology developed from Scots pine from the Rogen Natural Reserve in west-central Sweden, extending back to 980 CE. An earlier version of this data was used in the regional summer temperature reconstruction by Linderholm et al. (2015) . The new chronology is compared with its corresponding RW chronology regarding temperature sensitivity, variability on different timescales and long-term trends. Based on the ΔBI adj data, summer (June through August (JJA)) temperatures are reconstructed for the period 1038-2010 CE. The new reconstruction is set in the context of Fennoscandian temperature variability of the past millennium by comparing it to MXD-based summer temperature reconstructions from northernmost (Esper et al., 2012) , east-central and west-central (Zhang et al., 2016) Fennoscandia. Finally, we investigate the association between atmospheric circulation patterns, derived from observed and reconstructed sea-level pressure (SLP) data, and extreme summer temperatures in Fennoscandia on short and long timescales, as well as evidences of volcanic forcing in the ΔBI adj data.
Material and methods

Sampling
The sampling of tree-ring material was conducted in Rogen Natural Reserve (62°22′N, 12°24′E) in the western part of central Sweden (Figure 1 ). The site is located just east of the main divide of the Scandinavian Mountains, in a region belonging to the Northern Boreal zone. A mosaic of mountain and lake systems characterizes the formerly glaciated area, with a topographic relief reaching between 1000 and 1270 m a.s.l. The climate of the region is classified as continental with a maritime influence and short summers. Monthly mean temperatures range from −10.6°C in January to 12.1°C in July, with an annual mean of 0.4°C (CRU TS 3.23 dataset, grid point 12°0′E; 62°N, 1901-2015 period mean). The total annual precipitation is 566 mm (CRU TS 3.24. 12°0′E; 62°N, 1901 .
A total of 230 Scots pine samples (radii) were collected at 700-900 m a.s.l. which is just below the local tree line (ca. 900 m a.s.l.) on the south-western slope of the mountain Handskinvålen. The site was characterized by an open forest with a patchy field layer vegetation, rocky outcrops, moraine ridges and hummocks and small lakes. The sampled living trees were growing on dry till soils, with an average age of 368 years. In order to minimize the influence of moisture fluctuations on tree growth, trees growing adjacent to lakes or in wet environments were not sampled (Düthorn et al., 2013; Linderholm et al., 2014) . Both 10-and 12-mm increment borers were used to collect one to two cores per living tree at breast height (ca. 1.3 m), avoiding irregularities such as buttresses, branches, knots, possible damages and reaction wood. Additionally, discs were sawn from logs and stumps of dead trees.
At the Gothenburg Laboratory of Dendrochronology, the samples were mounted and sanded with progressively finer grades of sandpaper (40-1200 grit) until individual cells were visible under magnification (40×). Tree rings were visually cross-dated to their exact year of formation, and the widths of annual increments were measured with a 1/100 mm precision using a sliding measuring stage connected to the TSAP-Win software from Rinntech. The accuracy of the cross-dating was verified with the COFECHA software (Grissino-Mayer, 2001; Holmes, 1983) , and the samples from the same trees were averaged into tree-ring series. A total number of 119 series were produced, whereof 48 series were derived from dry dead tree samples. Subsequently, the wood samples were prepared for BI analysis, where they were cut into 4-mm axial thickness laths and movable compounds extracted in a Soxhlet apparatus with 99% ethanol for 72 h . After extraction, the samples were air-dried and sanded again (grit 1200).
Chronology construction
Images of the individual samples were produced with an Epson scanner (Perfection V600) using the scanner software SilverFast Ai Professional™ calibrated with an IT8.7/2 calibration target at a resolution of 1600 dpi. The commercial software WinDENDRO™ (Regent Instruments) was used to extract average blue absorption intensity data from the entire earlywood and maximum blue absorption intensity from the latewood. The BI earlywood and latewood parameters were subsequently adjusted for contrast following the protocol proposed by Björklund et al. (2015) . In their study, measurements of BI were regressed on the corresponding x-ray density measurements from the same samples. The attained regression coefficients were found to be strongly associated with the sample average of earlywood BI, that is, the discoloration of the entire sample. By determining the average earlywood BI for each sample, we calculated the slope and intercept regression coefficients according to Björklund et al. (2015) which were then used to adjust the contrast between earlywood BI and maximum BI (that is the highest BI value in the ring equivalent to the maximum density in the densitometric measurements). Furthermore, ΔBI adj was obtained by subtracting the adjusted earlywood BI values from the corresponding adjusted latewood MXBI values. The ΔBI adj from different radii belonging to the same trees was also averaged, as for RW.
Standardization and statistical analysis
To preserve the low-frequency variance in the chronology used for the temperature reconstruction, a modified version of the multiple regional curve standardization (RCS; Briffa et al., 1992; Briffa and Melvin, 2011; Esper et al., 2002) termed RSFi (Björklund et al., 2013) was applied to the ΔBI adj and RW datasets. It can briefly be described as follows. First, the tree-ring parameters were classified into groups of higher and lower than average growth, considering the whole series lengths (the proportion of high and low growth values was ~47% and ~53% for ΔBI adj and ~43 and ~57% for RW). Then, signal-free (Melvin and Briffa, 2008) , time-varying response-smoothing (Melvin et al., 2007) functions were obtained using the signal free software (Cook et al., 2014) . The average values of these functions were adjusted to match the average value of the segment-length average of the assigned fast-or slow-growing regional curve groups. These functions were then used to calculate chronology indices through ratios for TRW (where the series are best characterized as heteroscedastic) and using residuals for ΔBI adj (ΔBI adj series are best characterized as homoscedastic; Fritts, 1976) . In addition, we also produced chronologies using alternative detrending methods: traditional single RCS, with and without the signal-free approach, using the Sig-Free software (Cook et al., 2014 ).
The quality of the chronologies regarding common signal strength was assessed by means of the Rbar statistic, a measure of the common variance between the samples (Fritts, 1976) and the expressed population signal (EPS; Wigley et al., 1984) . The RW and ΔBI adj chronologies were compared regarding short-and long-term variability as well as trends. The common spectral characteristics were also assessed by a coherency test using the AnClim software (Stepánek, 2008) , where the base length of the analysis was restricted to 10% of the chronology length. This analysis can be interpreted as the frequency-dependent squared correlation coefficient (Von Storch and Zwiers, 2004) .
The climate signals in the tree-ring parameters were evaluated by computing Pearson's correlation coefficients between RW/ΔBI adj and monthly mean temperature and total rainfall. The analysis was based on monthly 0.5°×0.5° gridded CRU TS 3.23 data (Harris et al., 2014) , using data from the closest grid point to the sampling site (62°N, 12°E). In addition, the low-frequency variations in the two chronologies were compared with observed temperatures from Uppsala 1722-2010 (59°51′N, 17°37′E, Bergström and Moberg, 2002) and Trondheim 1761-1981 (63°23′N, 10°30′E, retrieved from NOAA, https://www.ncdc.noaa.gov/ ghcnm/). This was done by means of Pearson's correlation on 10-and 20-year low-pass Gaussian filtered data. No adjustments of degrees of freedom were made.
Temperature reconstruction
For the ΔBI adj -based temperature reconstruction, a transfer function was computed using simple linear regression, where the mean JJA temperature data were selected as the predictand and ΔBI adj as a predictor (Fritts, 1976) . A conventional split sample method (Snee, 1977) was used to calibrate and validate the reconstruction model, where the full observational data period was split into two sub-periods (1901-1955 and 1956-2010) of equal length. To validate the quality of the model, the following statistics were used: reduction of error (RE) explained variance (R 2 ) and coefficient of efficiency (CE; National Research Council, 2006) . Additionally, the Durbin-Watson test was used to assess the autocorrelation of the regression residuals (Durbin and Watson, 1951) , and the Cox and Stuart test (Cox and Stuart, 1955) was used for trend analysis. For the final reconstruction, calibration was performed over the full 1901-2010 period. To set the Rogen temperature reconstruction in a spatial context, the reconstruction was compared with a suite of previously published (Esper et al., 2012; Helama et al., 2014; Zhang et al., 2016) , millennium-long, MXD summer temperature reconstructions from Fennoscandia.
Furthermore, JJA mean SLP patterns (data from the 20th Century Reanalysis dataset; Compo et al., 2006) , associated with extreme summer temperatures (±1 standard deviation of high-pass-filtered data, same treatment for observed and reconstructed datasets) in the new reconstruction and observations (data from CRU TS 3.23, 1901 -2010 Harris and Jones, 2014) , during the 20th century were analysed by means of composite maps. The analysis was then extended back to 1659, using the SLP reconstruction by Luterbacher et al. (2002) , to assess the long-term stability of the SLP-extreme temperature association. The mean responses of Rogen chronologies ΔBI adj and RW to major volcanic events were assessed with superposed epoch analysis (SEA; Lough and Fritts, 1987) . The analysis was based on three forcing series: Gao et al. (2008) ; Crowley and Unterman (2013) and Sigl et al. (2015) , later referred to as G08, CU13 and S15, respectively. From each dataset, the 20 largest eruptions in the past millennium were considered (Supplementary Table 3 , available online). Following Adams et al. (2003) , the significance of the SEA was determined using a Monte Carlo block resampling (N = 10,000) of the actual event year windows.
Results
Chronology characteristics
Both RW and ΔBI adj chronologies from Rogen, having identical sample depth through time, extend back to 980 CE (Figure 2 ). EPS levels of >0.85 are reached from 1073 to 2010 CE for the RW chronology and 1038-2010 CE for the ΔBI adj chronology. The temporal evolution of the Rbar and EPS statistics is largely similar for the two parameters (Figure 2c ). For example, drops in Rbar values are seen in the 1170s, 1400s and 1500s. The strength of the common signal is, however, higher for ΔBI adj as indicated by the Rbar statistics (RW Rbar: mean = 0.47, min = 0.31, max = 0.67; ΔBI adj Rbar mean = 0.51, min = 0.31, max = 0.82). The largest difference in Rbar between the two proxies occurs in the early Figure 2 . The Rogen chronologies (RW in black and ΔBI adj in grey): (a) the temporal evolution of the two chronologies (z-scored) and their EPS values, (b) sample depth (number of trees) and Rbar statistics, (c) the low-frequency variability of the curves (z-scored chronologies smoothed with a 50-year low-pass Gaussian filter) and (d) coherence between RW and ΔBI adj . The data were z-scored over the period 1900-2010. part of the records, coinciding with the lowest sample depth. The RW data have a higher first-order autocorrelation (1-year lag) than ΔBI adj parameter (r = 0.66 and r = 0.26, respectively).
At the beginning of the records (1000-1350), both chronologies display negative trends interrupted by sudden increases between 1350 and 1456. Following this period, ΔBI adj presents a negative trend up to 1930, while RW displays a positive trend, showing a clear disagreement between the two records. At decadal scales, the two series co-vary, although RW displays higher decadal and multidecadal variability compared with ΔBI adj (s = 0.23 and s = 0.14, respectively, for RW and ΔBI adj in RSFi versions; Figure 2c ). In addition, both records show rather similar features during the past century, albeit RW is characterized by a steeper trend over this period. Additionally, the spectral properties suggest similar forcings of the two records. The coherence test (Figure 2d ) reveals significant coherence (p < 0.01) at frequencies ranging between 58.6 and 15.8 years, and 10.8 and 8.2 years, but also at higher frequencies.
Comparing the temperature signal in RW and ΔBI adj
The temperature signal in ΔBI adj at inter-annual timescales is more pronounced than in RW. The former displays significant correlations with April-September temperatures, with a best-fit target season in JJA (Figure 3a) . The RW parameter is significantly correlated with JJA temperatures, with a best fit for July temperature. Both ΔBI adj and RW correlations with JJA temperature are significant (p < 0.05) over the 1901-2010 period. Furthermore, RW shows no significant precipitation signal (Figure 3b ), while ΔBI adj displays a significant, but weak, negative correlation with August precipitation. At lower frequencies, correlations between the chronologies and JJA temperatures from Uppsala (1722-2010) and Trondheim (1761 Trondheim ( -1981 showed no distinct differences between various chronology versions (RSFi; RCS with signal free and RCS without signal free, not shown), but it was indicated that (1) low-frequency temperature information is retained in ΔBI adj and that ΔBI adj contains a stronger temperature signal than RW also at longer timescales. For 10-(20)-year filtered data, the correlation between ΔBI adj and Uppsala temperatures was r = 0.48 (0.4), compared with r = 0.35 (0.3) for RW. Using Trondheim, the correlation for ΔBI adj was r = 0.35 (0.23) and for RW was r = 0.23 (0.17). Looking at the spatial representation of the temperature signal in the two chronologies (Figure 3c  and d) , there are notable differences between RW and ΔBI adj in the strength of the field correlations with observed JJA temperature. Although both parameters show significant correlations across Fennoscandia, Denmark and the Baltic countries, the strength of the correlations is considerably higher for ΔBI adj . The correlations for ΔBI adj are strongest in southern Scandinavia, Denmark and south-western Finland, reaching up to 0.80 (p < 0.01) over the 1901-2010 period. The correlation weakens over northern Fennoscandia, but still reaches >0.5 except for the northernmost part. The correlation pattern for RW is similar to that for ΔBI adj , but correlations are weaker, ranging between 0.4 and 0.55.
Temperature reconstruction
Because of the limited temperature signal and narrow target window of the RW chronology, we only used the ΔBI adj chronology for a temperature reconstruction. The calibration and verification process showed that the relationship between the ΔBI adj chronology and the CRU temperature data was stronger in the early (Table 1) . Both CE and RE statistics were positive, indicating the model's skills predicting observed temperature variability. The Durbin-Watson test indicated no autocorrelation of the regression residuals (see Table 1 ), and no significant trend was found in the regression residuals (Cox and Stuart test; p = 0.37).
The reconstructed JJA temperature record (Figure 4b ) displays decadal and multi-decadal variability of temperatures during the past millennium. The reconstruction corresponds well with the previously reported chronologies from the area, with a warm period in the beginning of the record, corresponding to the Medieval Climate Anomaly (MCA), followed by colder conditions in the second half of the chronology, corresponding with the 'Little Ice Age' (LIA). The coldest decade, 30-and 50-year periods, was found during LIA, centred in 1709 (9.2°C), 1709 (9.6°C) and 1719 (9.8°C) (averages of JJA temperature). In turn, the warmest decade, 30-and 50-year periods, was centred in 1434 (12°C), 1436 (11.5°C) and 1421 (11.4°C) (average of JJA temperatures). From ca. 1850, a warming trend is observed extending into the 21st century, with maximum peak at 1937 (a list of warm and cold events is provided in Supplementary  Table 2 , available online).
The magnitude and timing of the RW and ΔBI adj responses to major volcanic events varied depending on the dataset used (Figure 5) . Overall, the RW data showed a weaker and more muted response to volcanic events than ΔBI adj . A significant response in RW chronology was only obtained when the CU13 dataset was used, showing significant growth depressions (ca −1.7 index anomalies) 4 years after the eruption. The ΔBI adj chronology, in turn, revealed significant negative responses in the years after the event (ca. −2.5 index anomalies for CU13 and ~−2 index anomalies for G8 and S15). Using the CU13 data, significant negative responses of −2 index anomalies were also found in the actual year of the events, while the G08 data indicated negative response also in the second year after the events (also ~−2 index anomalies).
Synoptic patterns associated with extreme years
Based on our definition (see above), we found 16 (17) years of extreme positive years in the observational (ΔBI adj ) data and 17 years of negative JJA temperature extremes in both datasets between 1901 and 2010. It is worth noting that only seven of the positive extreme years were common for both observations and reconstructions, while 11 were common for the negative extremes. The SLP patterns associated with the extreme years in both datasets are given in Figure 6 . The patterns are highly similar for both observed and reconstructed data, despite the mismatch between extreme years between the two datasets, and are mainly characterized by a dipole pattern over Fennoscandia and Greenland (Figure  6a-d) . Positive JJA temperature extremes coincide with positive SLP anomalies over Fennoscandia (more pronounced for the observations) and negative SLP anomalies over Greenland (mainly for the reconstruction) and the Greenland Sea. Significant negative SLP anomalies are also found across southern Europe, especially for the reconstruction. Negative temperature extremes are associated with a negative SLP anomaly over Fennoscandia (again more pronounced for observations) and a prominent positive SLP anomaly over Greenland and the Greenland Sea. In addition, significant negative SLP anomalies are found over the NW Atlantic, outside eastern Canada for both observations and reconstruction, and a weak positive SLP anomaly in south-eastern Europe (only observations). These patterns are consistent when comparing the reconstructed Rogen temperatures to reconstructed gridded SLP over the European sector (Luterbacher et al., 2002) back to 1659 CE (Figure 6e and f) , indicating that the observed patterns associated with JJA temperature extremes have been stable during the past several centuries.
Discussion
Presently, Rogen is the longest temperature reconstruction based exclusively on BI data. Longer datasets include the 'Khibiny' record (821-2005 CE) from the Kola Peninsula in Russia, which was used in reconstructions by McCarroll et al. (2013) and Wilson et al. (2016) , and an Austrian dataset (813-1996 CE) reported by Trachsel et al. (2012) . Other BI reconstructions presented in Björklund et al. (2015) , Rydval et al. (2014) , Linderholm et al. (2015) , Wilson et al. (2014) and recently Dolgova (2016) extend over shorter time spans but represent the increasing interest and potential of using this proxy for climate studies.
RW versus ΔBI adj
One of the most attractive feature of the BI methodology is the high quality of the temperature signal in the higher frequencies Campbell et al., 2007; Dolgova, 2016; McCarroll et al., 2002; Rydval et al., 2014; Wilson et al., 2014) . The inter-annual temperature signal is stronger in ΔBI adj (Figure 3 ) than in RW and according to previous studies of similar strength as that in MXD . Our results also show that ΔBI adj data are more sensitive to volcanic eruptions than RW. It has been argued that tree-ring data underestimate the temperature impact of major volcanic eruptions compared with climate models (Mann et al., 2012 (Mann et al., , 2013 . However, the volcanic forcing signal is pronounced in our ΔBI adj chronology, being stronger than for RW ( Figure 5 ). Depending on the volcanic eruption dataset used, the ΔBI adj chronology suggests index anomalies of about −2 following an eruption, with the strongest effects in the year after the event (except for the G08 data, where the strongest effects are reached after 2 years). This is broadly in line with what has been found in other tree-ring-based reconstructions (e.g. Linderholm et al., 2015; Rydval et al., 2016; Stoffel et al., 2015) , although the inferred cooling is generally lower when tree-ring networks are used. The weaker and marginally longer response of RW to volcanic forcing may be related to the higher persistence in RW data (as evidenced by higher first-order autocorrelation), also leading to slower recovery time (Esper et al., 2015; Franke et al., 2013) . One of the previously reported limitations of BI data is its reduced retention of low-frequency information, when compared with RW or MXD. Rydval et al. (2014) highlighted problems in the low-frequency signal of latewood minimum BI (MBI) measured from Scots pine because of the colour differences between heartwood and sapwood. Wilson et al. (2014) emphasized the possibility of long-term signal distortion related to detrending options and length of the used climate data, finding reduced fidelity of MBI to temperature at frequencies lower than 20 years. Nevertheless, we argue that the approaches presented in Björklund et al. (2013 Björklund et al. ( , 2014 Björklund et al. ( , 2015 allow us to retain useful low-frequency information using the ΔBI adj parameter and careful standardization procedures. Our analysis indicates significant coherences between RW and ΔBI adj on decadal to multi-decadal frequencies (Figure 2d ), indicating that ΔBI adj can overcome this inferred limitation of BI, as was also shown in Fuentes et al. (2016) . This is further supported by higher correlation between ΔBI adj and temperature data from Uppsala (1722-2010) and Trondheim (1761-1981), also at lower frequencies, and coherence analysis between Rogen chronologies and the climate data series shown in Supplementary Figure 3 (available online).
Another issue which became evident when comparing the RW and ΔBI adj chronologies is the differences in long-term trends, which are more or less opposite over the past millennium (Figure 2c ). The trend difference is unlikely an effect of detrending method, since it was similarly independent of the method used ( Supplementary Figure 1a and b, available online) . It is clear that RW and ΔBI adj display greater trend differences for chronologies built only from living trees while almost no differences are observed for chronologies composed of subfossil material ( Supplementary Figure 1c-g, available online) . This means that the subfossil wood and living tree material have different average growths; the older RW material has narrower rings, and the latewood has a higher density or darker colour than the living material. This feature cannot be removed with standardization that preserves average differences across generations, and because it is unlikely with different trends in temperature data of JJA and July, the trend discrepancy of the two proxies likely diverges because of modern sampling bias (Briffa and Melvin, 2011; Melvin, 2004; Melvin et al., 2013) and it is greater when comparing indices derived from wood material (Compo et al., 2006 (Compo et al., , 2011 selected on extremes between 1900 and 2010 of (a) positive mean temperature extremes from CRU TS 3.23 data (Harris and Jones, 2014 ) (1901 , 1912 , 1914 , 1917 , 1930 , 1933 , 1936 , 1937 , 1945 , 1947 , 1953 , 1969 , 1997 , 2003 ; (b) negative extremes (1902, 1907, 1921, 1923, 1928, 1929, 1931, 1952, 1956, 1962, 1964, 1965, 1981, 1987, 1993, 1998, 2000) ; (c) positive extremes of the high-pass-filtered Rogen JJA temperature reconstruction 1901-2010 (1901, 1906, 1910, 1914, 1925, 1927, 1930, 1937, 1947, 1955, 1959, 1973, 1975, 1980, 1988, 1994, 1997) ; (d) negative extremes of the high-pass-filtered Rogen JJA temperature reconstruction 1901-2010 (1902, 1907, 1909, 1923, 1928, 1929, 1931, 1942, 1952, 1958, 1962, 1971, 1977, 1979, 1987, 1993, 1998) ; (e) composite fields of reconstructed SLP (Luterbacher et al., 2002) based on dates of positive anomalous high-pass-filtered Rogen JJA mean temperature reconstruction 1659-1999; and (f) same as (e) but based on negative anomalies. Dots indicate local significance at the 0.05 level. from the living trees. Similar features can also be seen when comparing RW and MXD from C-Scan (Zhang et al., 2016) and N-Scan (Esper et al., 2012) , which also display differing trends in RW and MXD chronologies (not shown). Arguing that ΔBI adj contains a similarly strong temperature signal as MXD and that the adjustment method preserves low-frequency temperature information in the BI data consistent with that of MXD, the trend during the past millennium is more plausible in the ΔBI adj chronology than in the RW one. This assumption is further supported by the trend of the ΔBI adj chronology coinciding with those observed in many MXD datasets that have been claimed to be superior to RW (e.g. Esper et al., 2012; Melvin et al., 2013) . In fact, the trend in the corresponding RW for Torneträsk (Melvin et al., 2013 ) is similar to those found in MXD data. Moreover, according to other proxy data, it is likely that the long-term temperature trend of the past millennium should have been slightly negative until the start of modern warm period (e.g. Esper et al., 2012; Jansen et al., 2007; Ljungqvist et al., 2012) . Consequently, we argue that the ΔBI adj data better capture the long-term trend of the regional temperature history compared with RW. Still, the reason for the systematic mismatch in trends of many MXD or ΔBI adj records compared with RW records (Figure 2a 
The Rogen reconstruction in a Fennoscandian context over the past millennium
To set the new Rogen temperature reconstruction in a Fennoscandian context, it was compared with three previously published MXD-based temperature reconstructions from the region: Northernmost Fennoscandia (N-Scan, JJA; Esper et al., 2012) , Southern Finland (referred to as H14, May-September; Helama et al., 2014) and the central Scandinavian Mountains (C-Scan, AprilSeptember; Zhang et al., 2016) . On inter-annual timescales, there are good agreements between Rogen and other reconstructions, especially with N-Scan (r = 0.52, n = 972, p < 0.01) and C-Scan (r = 0.80, n = 938, p < 0.01), while the correlation with H14 is lower (r = 0.32, n = 928, p < 0.01). Considering the distance between the different chronologies, it was expected that Rogen would be more strongly correlated with C-Scan, than the more northerly and easterly records. This fact is further supported by the field correlations between the chronologies and observed temperature (Figure 3) .
The temperature variability of the past millennium was characterized by three main warm episodes: a warm period during the MCA, a warm phase from 1350 to 1456 and the 20th-century warming. Cold periods were found between 1100-1350 and 1457-ca.1900 CE. Although these hemispheric changes were originally explained as responses to changes in solar irradiance (e.g. Eddy, 1976; Mann et al., 2009 ), other researchers have emphasized volcanic forcing as being largely responsible for cooling at hemispheric scales (e.g. Briffa et al., 1998; Robock and Mao, 1995; Wagner and Zorita, 2005) . These alternating warm and cold periods are featured in all the Fennoscandian reconstructions, but there are minor discrepancies in the intensity and onset of these periods (Figure 7a) . Compared with Rogen, H14 indicates milder summers in Southern Finland from 1250 to 1350 and 1600 to 1700 and colder conditions from 1456 to 1570 and 1720 to 1870. N-Scan, which mainly represents summer temperatures in Northern Fennoscandia, shows similar features as Rogen during the 1250-1350 cold period, but between 1600 and 1900 Rogen indicates colder conditions in central than in northern Fennoscandia. Not surprisingly, Rogen agrees best with C-Scan, which is also expected because of the shorter distance between these records. The main disagreement between these two is observed in the earlier part of the chronologies, 1170-1200, where Rogen indicates colder conditions than C-Scan. It is clear that the best agreement among all the reconstructions is reached during the calibration period, and that it decreases back in time. These differences could be because of local differences in summer climate through time, but may also reflect the different methodological approaches, for example, sample treatment, standardization methods and target season (see Björklund, 2014; Frank et al., 2007b) . Figure 7b shows the strong spatial representation of the Rogen reconstruction for both JJA and the warm-season (April through September), well complementing the spatial correlation field of N-Scan and H14, but coinciding with C-Scan. Comparing the different records in their optimal target season, Rogen provides the strongest signal across Southern Scandinavia (Figure 7) . Thus, Rogen is an important contribution which will enable better understanding of past temperature variability in Northern Europe. Even though the RW parameter is increasingly sensitive to moisture supply towards southern Fennoscandia , Rogen emphasizes the potential to produce ΔBI adj or MXD chronologies that could provide valuable temperature information from southern Scandinavia.
Pressure patterns associated with anomalous summer temperatures
Our analysis indicates a robust and stable relationship between both observed and reconstructed temperatures with distinct SLP patterns ( Figure 6 ). Extreme positive JJA temperatures are associated with an SLP pattern that resembles the Scandinavian blocking pattern (Rimbu and Lohmann, 2011) , originally reported as the Eurasian Pattern (Barnston and Livezey, 1987) . Folland et al. (2009) noted that the summer North Atlantic Oscillation (SNAO) has a significant impact on summer climate in north-western Europe, and the results obtained in this analysis suggests a similar pattern to that of the SNAO (i.e. a dipole over the United Kingdom and Greenland), although it is shifted slightly eastwards. In fact, it is more similar to the pattern representing droughts across the whole of Fennoscandia by Seftigen et al. (2015) . This pattern associated with positive temperature extremes is related to a deflection of storm tracks from Fennoscandia causing warm and dry conditions over the region, but cooler and wetter conditions over central and Southern Europe, Siberia and eastern Asia and Greenland (Bueh and Nakamara, 2007; Cassou et al., 2005; Folland et al., 2009; Hauser et al., 2015; Linderholm et al., 2011; Moore et al., 2013; Rimbu and Lohmann, 2011 ). An opposite pattern can be seen during the very cold summers in Rogen, suggesting a shift in the storm tracks over Fennoscandia. The composite maps of reconstructed extreme temperatures and reconstructed SLP (Luterbacher et al., 2002) in Figure 6e and f indicate a stability of this association at least back to the mid-17th century. It is clear that summer temperatures in central Sweden are strongly affected by the large-scale atmospheric circulation related to the North Atlantic Oscillation, albeit with a more local signature. Thus, tree-ring data from the studied region can be useful when assessing the impact of atmospheric circulation variability back in time.
Conclusion
We have presented a new BI-based (ΔBI adj ), high-quality JJA temperature reconstruction from Rogen, west-central Scandinavia. Extending 972 years (1038 ( -2010 , it is the longest single-site reconstruction based on the BI methodology. We showed that ΔBI adj is a powerful temperature proxy, much stronger than RW, and that the Rogen reconstruction provides much needed insight about past JJA temperature variability in southern Fennoscandia. The reconstruction indicates that temperatures in central Sweden follow the general pattern in northern and eastern Fennoscandia, with anomalous warm periods corresponding to the MCA, a warm phase from 1350 to 1456 and the 20th-century warming. Two periods of anomalous low temperatures were found between 1256 and 1350 and during the LIA. Overall, during the past millennium, summer temperatures in Rogen displayed a long-term cooling up until the end of the 19th century. However, the opposite long-term trends in the RW and ΔBI adj data remain as a problem to solve, since this may lead to spurious trends in reconstructions depending on the proxy used. Moreover, the ΔBI adj temperature reconstruction showed significant cooling of ~2 index anomalies indicating cooling after major volcanic eruptions, confirming the ability of tree-ring data to respond to and record such impacts. Thus, also ΔBI adj data can be used to investigate the impact of volcanic forcing on regional temperature variability. Finally, extreme JJA temperatures were associated with a dipole SLP pattern centred over Greenland and Scandinavia. This pattern, which is similar to that of the SNAO, seemed stable back in time, at least to the mid-17th century.
